The development of fully differentiated plants from individual pollen grains through a series of developmental phases that resemble embryogenesis beginning with the zygote was demonstrated during the mid-1960's. This technology opened the door to the use of haploid plants (sporophytes with the gametic number of chromosomes) for plant breeding and genetic studies, biochemical and metabolic studies, and the selection of mutations. Although pollen embryogenesis has been demonstrated successfully in numerous plant genera, the procedure cannot as yet be use routinely to generate large populations of plants for experiments. IPractical results from use of the technology in genetic toxicology research to detect mutations have failed to fully realize the theoretical potential; further developments of the technology could overcome the limitations. Pollen embryogenesis could be used to develop plants from mutant pollen grains to verify that genetic changes are involved. Through either spontaneous or induced chromosome doubling,these plants can be made homozygous and used to analyze genetically the mutants involved. The success of this approach will depend on the mutant frequency relative to the fraction of pollen grains that undergo embryognesis; these two factors will dictate population size needed for success. Research effort is needed to further develop pollen embryogenesis for use in the detection of genotoxins under both laboratorv and in situ conditions.
Introduction
Plant cells, except for those few kinds that have undergone irreversible differentiation, are totipotent; i.e., a single cell can express its full genetic potential by differentiating and developing into a complete plant through embryo-like stages. For this to occur in vitro, certain requirements must be met for a source of energy, essential mineral elements, vitamins, hormones, light quality, light intensity, photoperiod, and temperature in an aseptic environment of the proper atmosphere. The specific requirements vary among species. Somatic (bodv) cells are capable of expressing the genotype of the individual from which they were derived in a similar manner and to the same extent through embryogenesis in vitro as zygotes through embrvogenesis in vivo. In In this report, pollen embryogenesis will be defined; procedures for obtaining pollen embryogenesis that are commonly used will be described; developmental pathways involved in pollen embrvogenesis will be discussed; and the potential use of pollen embryogenesis to induce, detect, and/or to genetically characterize mutants will be discussed. The primary emphasis will be placed on the potential role of this technology relative to the use of plants to determine the mutagenicity of chemical substances in our environment. Primarily, information regarding angiospermous plants will be presented.
Pollen Embryogenesis
The term pollen embryogenesis will be use(d in the broad sense to include the (levelopment of plants with the gametic number of chromosomes from haploid cells of the microgametophyte (pollen grain). In this context,the term haploi(d (lenotes the reduced number of chromosomes that results from meiosis. Implicit in this terminology is that plant development from pollen grains progresses through a series of stages that are similar to those observed in embryogenesis in vivo beginning from the zygote (the fertilized egg cell). I am including, however, the development of plants through organogenesis from callus derived from in vitro cultured-pollen grains. Both routes to plant development are potentially valuable.
Microsporogenesis and Microgametogenesis
The details concerning microsporogenesis and microgametogenesis vary considerably among genera. In general, the processes involve the development of four microspores, each having half (N) the somatic number of chromosomes from one microsporocyte (pollen mother cell). Each microsporocyte has 2N number of chromosomes. The microspores develop into the mature pollen grains that produce the sperm cells (nuclei).
In the angiospermous plants, the pollen mother cells develop in the microsporangia (pollen sac) of the anther. The In those species with trinucleate pollen grains, DNA synthesis occurs in the generative nucleus followed by the second pollen mitosis before anthesis. In those species with binucleate pollen grains, it appears that DNA synthesis occurs in the generative nucleus prior to anthesis, while the second pollen mitosis occurs after pollination during tube growth. Brewbaker and Emery (2) Sunderland (3, 4), Reinert and Bajaj (5), Cass (6) , Mascarenhas (7), and Cass and Karas (8) have given greater details relating to microsporogenesis and microgametogenesis.
Historical Perspectives of Pollen Embryogenesis
Callus was successfully cultured in vitro from pollen of Ginkgo biloba during the early 1950's (9) ; however, plant development from the haploid callus was not achieved. Tulecke (10) (11) . Three years later, they reported the development of haploid plants from pollen grains of Datura (12) . Bourgin and Nitsch (13) The two major pathways from pollen grains to plants are direct and indirect androgenesis (5) . The direct pathway involves microspore (lifferentiation through a series of stages that simulate embryogenesis in vivo from the zygote. Globular stage embryos generally are released from the pollen grain wall, they develop through the heart andl torpedo stages, and finally the cotyledlons unfol(d and the plant emerges from inside the anther wall. The process requires from 4 to 8 weeks. The indirect pathway involves the formation of a callus from the microspore, which bursts through the anther wall, and then differentiates to form either embryos or roots and shoots (organogenesis). Plant development via this pathway is somewhat slower and the range of ploidy of the plants recoveredl is greater than via the direct pathway. Thus, the direct pathway is generally more desirable than the indirect one. This is especially true for any application of the technology in the context of genetic toxicology.
The induction principle that initiates microspores to alter their normal developmental path to one involving continued cell division and differentiation to form plants, is 11. In those species where embryogenesis occurs via callus derived from pollen grains, the procedure described above must be modified somewhat. For example, after the callus bursts the anther wall, the 30 callus must be transferred to a different medium that will induce and support either embryogenesis or organogenesis. Plants are then removed from the callus and handled in a manner similarlv to that described in step 10 above. In some cases, rooting might have to be induced on a separate medium. More details regarding procedures have been published (3-5, 14-17, 19 Little information is available in the literature on mutation induction and detection via the treatment of pollen followed by embryogenesis in vitro. Devreux and de Nettantcourt (23) have discussed the use of pollen embryogenesis in mutation induction. They described an experiment with Nicotiana tabacurn in which mutants were recovered from irradiated microspores. Unfortunately, the selection procedure was not designed to select a specific mutant trait and the population size was inadequate to support strong conclusions. Sunderland (3) was unsuccessful in attempts to recover mutants of Nicotiana tabacum cv. White Burley after the treatment of excised anthers with N-methyl-Nnitrosoguanidine. Nitsch (24) added ethyl methylsulfonate to the medium on which Nicotiana tabacuni cv. Wisconsin 38 anthers were cultured; one mutant plant was observed in a population of 137. He also reported that numerous mutants were observed from a population of plants derived from anthers exposed to 1500-3000 rads of -y-radiation. Although physical and chemical mutagens have been used successfully to induce mutations via pollen embryogenesis, the procedure has yet to be developed to the point of routine use as an assay for mutagenicity testing. For pollen embryogenesis to be effectively used in genetic toxicology, the following need to be achieved: develop the capability to routinely get large populations of plants from most Various plant genetic systems are being used to detect mutagens in the environment. In some cases, the exact genetics involved that lead to the observed phenotypic trait is not known. In other cases, the genetics of a particular trait is well understood; however, the mechanisms leading to an observed mutation involving that trait is not fully understood. Pollen embryogenesis could be used in those circumstances to improve our understanding of what is happening.
In the case of waxy locus in maize, the genetics involved is relatively well understood (25) (26) (27) (28) . However, more than one kind of genetic event can lead to the mutant expression of this trait. It would be helpful to know the distribution of mutants induced by different classes of agents according to the kinds of genetic events that were induced. To approach this problem via conventional hybridization techniques is a monumental task. Is the use of pollen embryogenesis within the realm of feasibility? Two important factors need to be considered. One is the mutant frequency observed following various mutagenic treatments, and the other is the fraction of pollen grains that undergo embryogenesis when cultured in vitro. In the maize inbred line, EarlyEarly Synthetic, the spontaneous mutant frequency is 10'. Plants treated repeatedly with ethyl methanesulfonate during their life cycles exhibit mutant frequencies that exceed 10-4 (29, 30) . These frequencies will vary depending on the genetic strains being used, and whether forward or reverse mutations are being analyzed.
Maize has been studied in terms of the development of plants through anther culture; however, pollen embryogenesis is far from being a routine procedure. For example, recent studies indicate that 1% or less of plated anthers respond positively and that positive-responding anthers yield only one embryoid each (31). One anther contains approximately 6000 pollen grains; therefore it is the rare individual grain that proceeds through embryogenesis in vitro. When one considers mutant frequency (10-5 to 10-4) and positively responding anthers in maize, it is obvious that from 10' to 10' anthers would have to be cultured to recover a plant from a mutant pollen grain. It is evident that this approach is not a viable one.
It is logical then to ask the question: Is pollen embryogenesis a viable technique to be used with model plant species such as tobacco? Nitsch (-20) (32) , and I am unaware of any successful attempts at culturing pollen of Tradescantia.
In the case of mutations expressed in the M2 generation from seeds, pollen embryogenesis might be useful in the analysis of genetic events. Pollen from plants of the treated population could be cultured to get haploid plants to be used for genetic analysis. The problems alluded to above would be encountered here also.
Conclusions and Recommendations
In theory, pollen embryogenesis offers great potential for use in the detection of genotoxins both in the laboratory and in situ. Some of these include the recovery of individuals with the gametic number of chromosomes, immediate expression of recessive genetic events, feasibility of getting homozygous individuals through either spontaneous or induced chromosome doubling, large numbers of microgametophytes available, high degree of developmental synchrony in certain species, and opportunity to treat several developmental stages.
In practice, however, the technology has not advanced sufficiently, even with model species as tobacco, to be used routinely. 
